Drainages are pulses which in turn help us to understand the ongoing process in the hill ecosystem. The Kalrayan hill is known for its dissected terrain condition, rich biological diversity and depletion of natural resources. Therefore, a study on quantitative geomorphometry was carried out in the Kalrayan Hills, Eastern Ghats, Tamil Nadu, using Indian remote sensing 1D LISSIII satellite data. The study area was divided into 36 watersheds and total area is 1158.4 km 2 . It covers the upper part of Vellar basin. The linear, aerial and relief aspects and different morphometric parameters such as stream length, bifurcation ratio, drainage density, stream frequency, drainage texture, relief ratio, basin shape, form factor, circularity ratio, elongation ratio and length of overland flow were computed using standard methods, formulae and geo-spatial technologies. Based on the present drainage morphometric study, it is inferred that the watersheds 3, 4, 6, 9, 11, 12, 15, 17, 18, 19, 20, 22, 24, 27, 32, 33, 34 and 36 are active with reference to geological processes, mean denudational rate, peak discharge, mean annual run off, dominant watershed process and sediment yield per unit area. Multi-criteria analysis is performed to determine the drainage architecture and hydrogeological processes occurring in the present hill area.
Introduction
The study on basin hydrology is essential for proper management of water resources, and flood hazard in a basin depends upon the hydrological response of the upstream basin area. In geomorphology, morphometry is dedicated to the quantification of morphology. Shape indices used in drainage basin morphometry relate to the quantification of basin shape. Morphometric characteristics of drainage basins provide a means for describing the hydrological behavior of a basin.
Drainage basin is a geohydrological unit area drained to a common point considering it as an ideal unit for analysis and management of natural resources and environmental planning in any ridge to valley treatment. The knowledge of basin hydrology is imperative for proper management of natural resources in general and water resources in particular. Hydrological parameters help in quantification of water available, amount utilized and the additional exploitable resources available for producing green biomass in the area. The characteristics of basin morphometry have been used to predict or describe geomorphic processes such as prediction of flood peaks, assessment of sediment yields and estimation of erosion rates (Patton and Baker 1976; Baumgardner 1967; Gardiner 1990; Patton 1988) . Drainage basins are the fundamental units of the fluvial landscape, and a great amount of research has focused on their geometric characteristics (Abrahams 1984) . The study of drainage characteristics through morphometric analysis of different watersheds in a region gives much information regarding the denudational history, sub-surface material, geological structure, soil type and vegetation status of that region, which play a crucial role in formulating a plan for watershed management. It implies the proper use of land and water resources of a watershed for optimum production with minimum hazard to natural resources (Jawaharraj et al. 1998; Biswas et al. 1999) .
Morphometry is the measurement and mathematical analysis of the configuration of the Earth's surface, shape and dimensions of its landforms (Clarke 1966) . Morphometric studies involve evaluations of streams through the measurement of various stream properties. Evaluation of morphometric parameters necessitates the analysis of various drainage parameters (Verstappen 1983; Kumar et al. 2000) . The descriptive approach involves the study of the characteristics of the forms and patterns of the streams while the genetic approach involves investigation of the evolution of streams of a region in relation to tectonics, lithology and structure (Singh 1998) . Chaudhary and Sharma (1998) performed erosion hazard assessment and prioritization based on morphometric parameters like relief ratio, drainage density, drainage texture and bifurcation ratio. The drainage basin analysis is important in any hydrological investigation like assessment of groundwater potential, groundwater management, pedology and environmental assessment. Hydrologists and geomorphologists have recognized that certain relations are most important between runoff characteristics, geographic and geomorphic characteristics of drainage basin systems (Sreedevi et al. 2009 ). Morphometric analysis requires measurement of linear features, areal aspects, gradient of channel network and contributing ground slopes of the drainage basin (Nautiyal 1994 ); Nag and Chakraborty 2003) . Moussa (2003) has stated that one of the important problems in hydrology is the quantitative description of river system, structure and the identification of relationships between geomorphological properties and hydrological response. The quantitative drainage character assessment is an important input to understand the ongoing geological processes, rate of denudation, sediment yield, peak discharge and mean annual runoff. Many research works have been reported on morphometric analysis using remote sensing and G1S techniques. Shrimali et al. (2001) presented a case study of the Sukhana lake (42 km 2 ) catchment in the Shiwalik hills for the delineation and prioritization of soil erosion areas by using remote sensing and GIS techniques. Srinivasa et al. (2004) adopted the remote sensing and GIS techniques in morphometric analysis of sub-watersheds of Pawagada area, Tumkur district, Karnataka. Chopra et al. (2005) carried out morphometric analysis of Bhagra-Phungotri and Hara Maja subwatersheds of Gurdaspur district, Punjab. Rodriguez-Iturbe and Valdés (1979) proposed the geomorphological instantaneous unit hydrograph (GIUH) theory where an IUH is fitted through three points (namely t p , q p and t B ) and suggested simple expressions for the t p and q p of the IUH obtained by regression of the peak as well as time to peak of IUH derived from the analytic solutions for a wide range of parameters with that of the geomorphologic characteristics and flow velocities. The GIUH model provided a scientific basis for the hydrograph fitting and yielded a smooth and single-valued shape corresponding to unit runoff volume. Nookaratnam et al. (2005) carried out study on check dam positioning by prioritization of micro-watersheds using the sediment yield index (SY1) model and morphometric analysis using remote sensing and GIS. Richard and Pike (2000) , Bardossy and Schmidt (2002) , Grohmann (2004) , Marchi and Fontana (2005) , Kouli et al. (2007 ), Esper (2008 , Hlaing et al. (2008) , Akar (2009 ), Ajibade et al. (2010 and Thomas et al. (2010) used remote sensing and GIS techniques for drainage morphometry analysis. Das and Pardeshi (2018) worked on the morphometric analysis of Vaitarna and Ulhas river basins in Maharashtra. Radwan et al. 2017 and Malik and Shukla (2018) reported on the analysis, respectively, in the Wadi Baish dam catchment area and Kandaihimmat watershed in Madhya Pradesh using GIS-based approach. Kumar et al. 2018 explored this analysis using open-access earth observation datasets in the drought-affected part of Bundelkhand, India. Mahmoud and Alazba (2015) and Kumar et al. 2014 respectively demonstrated the morphometric and geophysical analyses of major rainwater harvesting basins in Saudi Arabia and six sub-watersheds in the central zone of Narmada river in India. In the present contribution, a quantitative geo-morphometric study was attempted to explore the relationship between drainage signatures and management of natural resources in general and water resources in particular in the Kalrayan Hills located in the Eastern Ghats of Tamil Nadu, South India. The objectives of the present research were motivated in the direction of exploring the groundwater potential locations on the hilly terrain, based on the knowledge of surface and sub-surface flow patterns of water. Through the assessment of the drainage network and relief parameters together with climatic conditions, tectonics and lithology, the hydro-geomorphic characteristics and the stage of basin development on the Kalrayan hills, Tamil Nadu, have been detailed in this paper.
Study area
The study area, Kalrayan hills, chosen for the present study ( Fig. 1) is Upper part of Vellar basin of Tamil Nadu. The Kalrayan hills which is a major hill range of Eastern Ghats of Tamil Nadu, South India, bounded by Attur taluk in the south, Kallakurichi taluk in the east and Harur taluk in the west. The study area lies between 11°36′-12°02′N and 78°28′-78°59′, and it covers an area of 1158.4 km 2 . The annual rainfall ranges from 700 to 1569 mm (Sakthivel et al. 2007 ). The temperature varies from a minimum of 25 °C to a maximum of 40 °C and the altitude varies from 126 to 1298 m (Sakthivel et al. 2010 (Sakthivel et al. , 2011 . Gomukhi and Manimuktha rivers originate in the study area (Fig. 2) . Numerous lineaments and their points of intersection have been identified, and most of them show NE-SW trending direction (Sakthivel et al. 2003) . A prominent shear zone trending in N-S direction cut across the entire hills (Sakthivel et al. 2010) . The study area experiences minor tremors recently (Pirasteh et al. 2011) . 
Methodology
Morphometric analysis of a drainage system requires a delineation of all existing streams and reaches. There are several methods followed for the delineation of drainage system, but in most of the studies manual and automated system is followed (Saud 2009 ). In the present study, also both conventional and contemporary techniques were applied. The Survey of India (SOI) toposheets (Year of Survey: 1971) , IRS 1D LISS III Geocoded satellite data (Year of acquisition: 2001) on 1: 50,000 scale were made use of. The drainages have been delineated using merged satellite data of Geocoded FCC of bands-2 3 4 on 1:50,000 scale and SOl toposheets have been used as a reference. Necessary field check has been carried out. Softwares like ERDAS IMAGINE (V.8.5), ArcInfo (V 8.1.2) and ArcView (V 3.2a) have been used for dereferencing, digitization and computational purpose and also for output generation, respectively. The statistical interpretations are made with the help of factor analysis, hierarchial cluster analysis and box plots using the SPSS software (version 21) package.
Results and discussion

Linear aspects
Linear aspects of the watersheds are related to the channel patterns of drainage network wherein the topological characteristics of the stream segments in terms of open links of the stream network system were analyzed. The parameters such as number of streams, streams length, bifurcation ratio and length ratio were taken into account for the present study and are calculated using the corresponding formula as shown in Table 1 . The parametric results are tabulated in Table 2 . 
Stream order and stream numbers
Stream order refers to the determination of the hierarchical position of the streams within a drainage watershed. The streams of the study area have been ordered according to the stream ordering method of Strahler (1957) . The highest stream orders for the various watershed of the study area are given in Table 2 . From the table, it is evident that among the watersheds, the highest stream order was noticed for the watersheds 1, 5, 8, 13, 14, 18, 24, 26, 31, 33 and 35 all of which are found to be of fifth order. On the other hand, watershed 9 and 19 were found to be of the least order both of which are found to be of second order.
Among the various watersheds in the study area, the percentage of first-order stream was found to be maximum for watershed 34 that constitute of 90 per cent of its stream as I order streams. Watersheds 15, 19, 21, 29, 31, 34 and 36 also had relatively higher percentage of I order streams (> 80%). The percentage was found to be the least for watershed 2 which had only about 66.6 per cent of the first-order streams. Watersheds 2, 22 and 32 had relatively lesser percentages of I order streams (< 70%). The percentages of the first-order streams in rest of the other watershed were found to be moderate (70-80%). It was observed that the numbers of stream segments decreased with the increase in the stream order for all the watersheds of the study area.
Total stream length (Lu)
The total stream length, which refers to the sum total of the stream length of all orders in a given watershed, has been estimated for the watershed of the study area ( Table 2 ). The 
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Circulatory ratio (Rc) Rc = 4 * Pi * A/P 2 Pi = 'Pi' value i.e., 3.14 A = Area of the basin (km 2 ) P 2 = Square of the perimeter (km) Miller (1957) 13 Elongation ratio (Re) Re = 2√(A/Pi)/Lb A = Area of the basin (km 2 ) Pi = 3.14 Lb = Basin length Schumn (1954) 
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Length of overland flow (L o ) Lg = 1/D*2 D = Drainage density Horton (1945) total stream length is higher (> 100 km) for the watershed 1, 5, 8, 13, 15, 26, 31 and 33 with the highest length being for watershed 15 which had a stream length of 438 km. On the other hand, it was found to be lower (< 50 km) for watershed 2, 3, 4, 6, 7, 9, 10, 12, 16, 17, 19, 21, 23, 27, 28, 29 and 34. Rest of the watershed has moderate stream length. Morisawa (1962) has observed that the total stream length is directly related to mean annual runoff. Stream length ratio between successive streams orders varies due to differences in slope and topographic conditions and has an important relationship with the surface flow discharge and erosional stage of the basin (Sreedevi et al. 2005) . From this observation, it is clear that the mean annual runoff is relatively higher in watershed 1, 5, 8, 13, 15, 26, 31 and 33 whereas the mean annual runoff is relatively lower in watershed 2, 3, 4, 6, 7, 9, 10, 12, 16, 17, 19, 21, 23, 27, 28, 29 and 34 . For the other watersheds, the mean annual runoff is moderate.
Bifurcation ratio (R b )
Bifurcation ratio, related to the branching pattern of the drainage network, is defined as the ratio of the number of streams of an order to the number of streams of the next higher order (Horton 1945) . The bifurcation ratio values obtained for the watershed of the study area are shown in Table 2 . Among the watersheds of the hills, the bifurcation ratio values are found to range from 2.71 (watershed 2) to 7.7 (watershed 34) and they found to be relatively higher (> 5) for watersheds 34 and 36. Whereas, the bifurcation ratio values were found to be lower (< 3) for watersheds 2 and 3. According to Horton (1945) and Strahler (1968) , the bifurcation ratio values range from 2 to 5 in a welldeveloped drainage network. Strahler (1964) and Nautiyal (1994) have found that higher bifurcation ratio values are characteristics of watersheds, which have suffered more structural disturbances and it is very much controlled by the watershed shape and shows very little variations ranging between 3 and 5 in homogenous bedrock. As per view expressed by Strahler (1964) and Nautiyal (1994) , it is inferred that watersheds 34 and 36 have suffered more structural disturbances.
Length ratio (Rl)
The proportion of increase in mean length in stream segments of two successive watersheds orders is defined as length ratio (Singh 1978) . The length ratio values obtained for the watersheds of the study area range from 0.37 (watershed 29) to 3.77 (watershed 24). Higher length ratio values (> 1.5) were observed for watersheds 9, 16, 17, 24, 27 and 35. The lower length ratio values (< 0.5) were observed for 4, 5, 7, 15, 25, 30, 34 and 36. Length ratios are found to be moderate in other watersheds. According to Kumaraswamy and Sivagnanam (1988) , the larger length ratio values indicate lower order sources for the next higher order streams, whereas the smaller values indicate the limited length of lower order streams to serve as hydrological sources. The watersheds 9, 16, 17, 24, 27 and 35 contain more lower order sources for the next higher order, whereas for watersheds 4, 5, 7, 15, 25, 34 and 36 the lower order sources are relatively less.
Basin length (L b )
The watershed length is the longest length in the watersheds in one end being the mouth (Gregory and Walling 1973) . Based on the above definition, the lengths of the watershed of the study area were calculated and are shown in Table 2 . In this region, watershed length varies from 3.1 km (watershed 2) to 22.85 km (watershed 15). The watersheds 1, 5, 8, 13, 14, 15 and 33 have greater length (> 12 km) whereas for 3, 7, 9, 10, 16, 19, 27, 28, 29, 32, 34 and 36 with the length (< 6 km). In the other watersheds the length varies from (6 km-12 km).
Aerial aspects
To understand the aerial aspects, the parameters that have been considered for the present study are watershed area, drainage density, stream frequency, circularity ratio, perimeter and length of overland flow. The procedures followed and the results obtained (Table 3) have been discussed in this section.
Basin area (A)
The watershed area was delineated on the basis of water divides, and the aerial extents were measured with the help of digital planimeter. The area computed for the watersheds is shown in Table 3 . It varies from 5.09 km 2 (watershed 21) to 130.69 km 2 (watershed 13). Watersheds 5,13 and 15 are relatively larger in size (> 100 km 2 ), whereas watersheds 2, 3, 4, 6, 7, 9, 10, 11, 12, 16, 17, 19, 20, 21, 22, 23, 27, 28, 29, 32, 34 and 36 are relatively smaller in size (< 25 km 2 ). It is found that the aerial extents of the watersheds of the plateau portion are relatively greater than the watersheds of the slope. The rest of the watersheds have moderate areal extents (ranging from 25 to 100 km 2 ). Morisawa (1962) has observed that the mean annual runoff and catchment area to be directly related to each other. Considering the above views, it can be said that for watershed 5, 13 and 15 (which posses relatively greater areal extent) the mean annual runoff is relatively higher; whereas for watersheds 2, 3, 4, 6, 7, 9, 10, 11, 12, 16, 17, 19, 20, 21, 22, 23, 27, 28, 29, 32, 34 and 36, the mean annual runoff is relatively lower.
Form factor (R f ) Horton (1932) expressed the shape of the watershed as form factor and defined it as a dimensional ratio of the area to the watershed length. It has been calculated by the formulae as, where F-form factor, A-watershed area, L-watershed length. For circular watershed, the form factor value is found to be 1 and for elongated watershed the value is 0. The form factor values obtained for the watersheds of the study area are shown in Table 3 , and it ranges from 0.11 (watershed 12) to 0.92 (watershed 2). Lower form factor values are found for the watersheds 9, 12, 17, 21, 30 and 34 and owing to their low values these can be inferred as elongated watershed. Higher form factor values (> 0.5) are found for watersheds 2, 27, 28 and 35, and it can be inferred that these watersheds have nearly a circular shape. The watersheds with high form (1) F = A∕L factor values have the high peak flows for shorter duration, whereas elongated watershed with low form factor values will have a flatter peak of flow for larger duration (Nautiyal 1994) . Flood flows of elongated watersheds are easier to manage than that of circular watersheds. It is observed that the watersheds 2, 27, 28 and 35 have higher peak flows for shorter duration. On the other hand, watersheds 9, 12, 17, 21, 30 and 34 have flatter peak flows for longer duration.
Stream frequency (F s )
Stream frequency is the number of stream segments per unit area (Horton 1945) . It is obtained by dividing the total number of streams by the total watershed area. Stream frequency values were found to range from 0.66 (watershed 19) to 9.62 (watershed 32). Stream frequencies which are higher (> 5) were noticed for watersheds 5, 8, 12, 15, 26, 32 and 34 . On the other hand, for watersheds 9, 10, 17 and 23 the stream frequencies were found to be low (< 2.5). 
Circulatory ratio (R c )
Circularity ratio is the ratio of the area of the watershed to the area of a circle having the same circumference as the perimeter of the watershed (Miller 1957; Strahler 1964) . It is expressed by the following relationship where C-circularity ratio, A-area of the watershed, ρ-watershed perimeter Miller (1957) ; A value of 0.0 reflects a highly elongated shape and the value of 1.0 a circular shape (Miller 1957; Schumn 1954) . The circularity ratio values obtained for the study area are shown in 
Elongation ratio (R e )
The elongation ratio is the ratio between the diameter of a circle of the same area as the drainage watershed and the maximum length of the watershed. The elongation ratio values estimated for the various watersheds of the study area are shown in Table 3 . The elongation ratio values vary from 0.28 (for watershed 29) to 0.87 (for watershed 35). The watersheds 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 13, 14, 15, 16, 17, 18, 19, 20, 22, 23, 24, 25, 26, 27, 28, 31, 32, 33, 35 and 36 have higher values (> 0.5) while the watersheds 9, 12, 17, 21, 29, 30 and 34 have lower values (< 0.5). The parameters such as form factor, circularity ratio and elongation ratio are useful to understand the shape of the drainage watershed and it is significant since it affects the stream drainage characteristics (Strahler 1968) .
Drainage density (D)
Drainage density is a measure to analyze the length of different streams per unit area, and it is obtained by dividing the total stream length by the total watershed area. The drainage density values estimated for the various watersheds of the study area are given in Table 3 . It is observed that the drainage density varies from a minimum of 1.33 km −1 (watershed 9) to a maximum of 6.04 km −1 (watershed 32). In the study area, the drainage density values were found to be low (< 1.5 km per km 2 ) for watersheds 6, 9, 10, 19 and 23. On the other hand, drainage density was found to be high (> 3.5 km per km 2 ) for watersheds 12, 15, 26 and 32. For rest of the watersheds, the drainage density was found to be moderate. Drainage density has increasingly been appreciated (2) C = 4 A∕ 2 to be a fundamental indicator of a drainage watershed and a valuable index of drainage watershed process like erosion and sediment output (Morisawa and Clayton 1985) . Drainage density (Dd) helps to identify the landscape dissection, runoff potential, infiltration capacity of the land, climatic conditions and vegetation cover of the basin (Verstappen 1983; Macke 2001; Reddy et al. 2004 ). Patton (1988) has observed that the areas of high drainage density are a result of erosion and dissection by overland flow, low drainage density areas are the product of runoff possess dominated by infiltration and sub-surface flow. By considering the above views, it is observed that in the watersheds of the study area where the drainage density values are high (> 3.5 km/sq.km) viz. watersheds 12, 15, 26 and 32, overland flow is dominant whereas the watersheds of 6, 9, 10, 19 and 23 (where drainage density is relatively low) infiltration and sub-surface flow are dominant.
Length of overland flow (L o )
The length of overland flow is a measure of stream spacing or degree of dissection. Horton (1945) used this term to refer to the length of the runoff of the rainwater on the ground surface before it gets localized into definite channels. Since this length of overland flow at an average is about half the distance between the stream channels, Horton for the sake of convenience had taken it to be roughly equal to the reciprocal of drainage density. For the present analysis, half the reciprocal of drainage density for each watersheds of the study area were estimated and are shown in Table 3 . In the watersheds of the study area, the length of overland flow values varies from 0.08 (watershed 32) to 0.37 (watershed 9). These estimations mean that the rain water has to run over 0.08 km and 0.37 km for watersheds 32 and watershed 9, respectively, before it gets concentrated in stream channels. Smaller the values of length of overland flow, greater the surface runoff enter the stream. In a relatively uniform terrain, less rainfall is sufficient to contribute a significant volume of surface runoff to stream discharge, when the value of length overland flow is small than when it is large (Rao 1978) .
In the watersheds of the study area, which have lower length of overland flow values (< 0.2 km), 1, 2, 3, 7, 11, 12, 13, 15, 16, 18, 20, 22, 24, 26, 27, 29, 30, 31, 32, 33, 34, 35 and 36, the rainfall gets concentrated quickly in stream channels (requiring to travel just 0.21 km before getting concentrated in stream channels). Owing to their low values, it is evident that lesser rainfall is sufficient to contribute a significant volume of surface runoff to stream discharge in these watersheds. Whereas the watersheds 6, 9, 10, 19 and 23 the rainwater travels longer distances (0.25 km or more) before getting concentrated into the stream channels. It is further inferred that more rainfall is essential to contribute a significant volume of surface runoff to stream discharge in these watersheds than the rest of the watersheds of the study area. It is also important here that the watersheds which are having high Lg may be characterized by mature geomorphic stage (Thomas et al. 2010 ).
Constant of channel maintenance (CCM)
Constant of channel maintenance is the area necessary to maintain 1 ft of drainage channel. The constant of channel maintenance represents the drainage area required to maintain one unit of channel length; hence, it is a measure of watershed erodibility. Schumn (1954) proposed the use of the reciprocal of drainage density for calculating the constant of channel maintenance, and the same method has been adopted for the present study. Regions of resistant rock type or with the surface of high permeability or with good forests cover should have a high constant of channel maintenance and a low drainage density. Similarly, regions of weak rock types or region with little or no vegetation and low soil infiltration and permeability should have low constant of channel maintenance and high drainage density. The constant of channel maintenance varies from 0.16 (watershed 32) to 0.75 (watershed 9). Lower values (less than 0.3) are found for watershed 12, 15, 26 and 32 (Table 3) . These values reflect the low infiltration and permeability, poor vegetal cover and weak rock types. On the other hand, the constant of channel maintenance values are found to be higher (> 0.5) for watersheds 6, 9, 10 and 23 which reflect the higher infiltration and permeability of the materials, fairly good vegetal cover and relatively resistant rock type. The rest of the watersheds have moderate infiltration and permeability of the surface material, moderate vegetal cover and moderate resistant rocks.
Relief aspects
Relief is an important attribute of terrain in general and the drainage watershed in particular. According to Strahler (1968) , relief measures are indicative of the potential energy of the drainage system because of its elevation above the mean sea level. The relief aspects considered for the present study include watershed relief, relative relief, relief ratio and ruggedness number (Table 4) . The procedures followed to analyze the relief aspects and the results are discussed in the following section.
Basin relief or relative relief (H)
Watershed relief was computed by finding the arithmetic difference between the maximum and the minimum elevations in a given watershed. The lowest relief value was found to be for watershed 9 (42 m), and highest relief value was found to be for watershed 35 (1108 m) (Table 4) . Among the watersheds of the study area, watersheds 2, 9, 10, 19 and 36 are found to possess low relief of (< 400 m) and watersheds 5, 13, 15, 25, 26, 28, 29, 30 , 31 and 33 possess high relief (> 800 m). Anhert (1970) and Gregory and Walling (1973) have shown that mean denudation rate is directly proportional to mean watershed relief. Form these observations, it is likely that in watersheds 5, 13, 15, 25, 26, 28, 29, 30 31 and 33 , the mean denudation rates are relatively higher. On the other hand, the mean denudation rates are relatively lower for watersheds 2, 9, 10, 19 and 36. The influence of relief is inextricably bound up with other watershed characteristic and is of greater significance to some indices of watershed response particularly peak runoff rates and sediment delivery than others (Gregory and Walling 1973) . Watershed relief is an index of the potential energy available in the drainage watershed; the greater the relief, the greater are erosional forces acting on the watershed (Patton1988). In the watershed 5, 13, 15, 25, 26, 28, 29, 30, 31 and 33, the erosional forces are relatively higher. Watersheds 2, 9, 10, 19 and 36 the erosional forces are relatively less. But in the rest of the watersheds, the erosional forces are moderate.
Relief ratio (Rh)
When watershed relief is divided by the horizontal distance on which it is measured, it results in a dimensionless relief ratio (Schumn 1954) . It measures the overall steepness of a drainage watershed and is an indicator of the intensity of erosion process.
The relative relief values obtained from the above relationship for the watersheds of the study area are given in Table 4 . The maximum relative relief value was found to be for watershed 28 (1.10), and the minimum value was found to be for the watershed 19 (0.06). The watersheds where relative relief values were found to be low (< 0.5) are watersheds 1, 2, 4, 8, 10, 17, 19, 24, 33, 35 and 36 . Whereas, the watersheds where relative relief values were found to be high (> 1.0) are watersheds 28, 29, and 32. For the other watersheds, the relative relief was found to be moderate (ranging from 0.5 to 1). The relief ratio values vary from a minimum of 0.007 (watershed 9) to 0.1943 (watershed 28). Watersheds with low relative relief (< 0.05) include watersheds like 1, 5, 9, 10, 13, 15, 17 and 19. Whereas watersheds with higher relative relief (> 0.1) are watersheds 2, 4, 26, 27, 28, 29, 32 and 34 (Table 4) . The possibility of a close correlation between relief ratio and hydrologic characteristic watersheds is the sediment loss per unit is directly related with relief ratio (Schumn 1954) .
Ruggedness number (N)
The ruggedness number has been calculated from the following relationship suggested by (Hart 1986) The ruggedness number ranges from 0.0106 (watershed 9) to 0.89 (watershed 32). Drainage watersheds with lower (< 0.3) ruggedness number values are found in the watersheds 2, 6, 7, 9, 10, 17, 19, 21, 23 and 32 (Table 4) . It has been established that relative peak discharge increases
with increased drainage watershed ruggedness number (Patton 1988) . Watershed with higher ruggedness number values (greater than 0.5) is found for watersheds 15, 26, 29, 30 and 32 . From the view expressed by (Patton 1988) , it is inferred that in the watersheds where the ruggedness number is higher viz. 15, 26, 29, 30 and 32, the peak discharges are likely to be relatively higher. But for the watersheds 2, 6, 7, 9, 10, 17, 19, 21, 23 and 36, the peak discharges are likely to be relatively lesser. The analysis of the various drainage morphometric parameters has helped to understand the nature of processes, and the surface material in the watersheds of the study area and the findings are summarized below.
Interpretations on the basis of individual morphometric parameter
Mean annual runoff
Literatures pertaining to drainage morphometry have revealed that parameters such as total stream length and watershed area are very much useful for understanding the mean annual runoff character in a drainage watershed. The analysis of total stream length data and watershed area data have revealed that for watersheds 2, 3, 4, 5, 6, 7, 9, 11, 12, 13,15, 17, 18, 19, 20, 21, 22, 23, 24, 25, 27, 28, 29, 30, 31, 32, 33 and 36 .
Mean denudation rate
The mean denudation rates of the watersheds were assessed from the watershed relief data. The results of the analysis are described below. Mean denudation rates were found to be moderate in watersheds 5 and 14. The watersheds 25, 26, 28, 29, 30 and 31 found to have relatively low mean denudation rates.
Dominant watershed process
Drainage density, a useful index in understanding whether overland flow or sub-surface flow, is dominant in an area. In watersheds 12, 15, 16, 22, 26, 29, 32, 35 and 36 overland flow is found to be more dominant. In watersheds 5, 6, 8, 9, 13, 14, 19 and 23 sub-surface flow and infiltration are found to be more dominant.
Geological processes
Bifurcation ratio serves as useful index in understanding geological disturbances in an area. In the present study, the bifurcation ratio values obtained for the various watersheds of the study area have been used to bring out the watersheds which are structurally disturbed. Among the watersheds, watersheds 34 and 36 found to have undergone greater structural disturbances and their drainage patterns have been relatively highly distorted by the structural disturbances.
Sediment yield per unit area
The sediment yield/unit area is found to be relatively higher in watersheds 9,10,17,19 and 34. The sediment yield/unit area is found to relatively lower in watershed 4, 5, 13, 15, 26,27,28,29 and 32 .
Peak discharge rates
Ruggedness number values are made for understanding the peak discharge character of the watershed of the study area. It is noted to be higher in watershed 26, 29, 30 and 32 and watersheds 2, 6, 9, 10, 15, 17, 19, 21,22 and 36 have lower peak discharge rates, whereas in watersheds 1, 3, 4, 11, 12, 18, 20, 22, 24 and 27 have moderate peak discharge rates.
Multi-criteria analysis
Numerical analysis of hydro-geo-chemical data has been attempted to determine the (Lawrence and Upchurch 1982) . Correlation and factor analysis are widely used in statistical or numerical concepts for parametric classification of modeling studies (Balasubramanian et al. 1985) . Statistical data generally provide a better representation than graphical data because (1) there are a finite number of variables that can be considered, (2) variables are generally limited by convention to major ions, and (3) superior relationships may be deduced by use of certain procedures.
Factor analysis
Factor analysis aims to explain observed relation between numerous variables in terms of simpler relations (Cattel 1965) . In factor analysis, the basic concept is expressed in the following formula:
where z is the measured value, f the factor score, a the factor loading, e the residual term accounting for errors or other sources of variation, I the sample number, j the variable number and m is the total number of factors (Anazawa and Ohmori 2001). Factor analyses allow the determination of basic independent dimensions of variables. The SPSS software used for the calculation provides a numerical value resulting from different variants as components and initial eigen values for each species. With the help of linear combinations, a large number of variables can be reduced to a few factors and these factors can be interpreted in terms of new variables. There exist numerous solution methods and variations for determination of factors (Mahlknecht et al. 2004) . Principal component analyses (PCA), which aim to load most of the total variance into one factor, are used in the present case, and factors were extracted through the principal extraction method (Mahlknecht et al. 2004 ). The varimax rotation-one factor, which explains mostly one variable, was selected. In order to limit the number of factors to be extracted, only factors with eigen values higher than one were taken into consideration (Kaiser 1958) . Creating a distribution map (4) Z j = a j1 f 1 + a j1 f 2 ⋯ + a j1 f m + e jj j = 1, 2, … p of the factor scores in this way tests the usefulness of the results, and the factor scores are a measure of the statistical weight of each case on the extracted factors. The factor analysis model is assumed to represent an overall variance of the data set and structure expressed in the pattern of variance and covariance between the variables and the similarities between the observations (Davis 1986 ). Contribution of a factor is said to be significant when the corresponding eigen value is greater than unity (Briz-Kishore and Murali 1992) . In general, the factor will be related to the largest eigen value and will explain the greatest amount of variance in the data set.
A total of four factors were identified from the morphometric parameters of the three aspects of watersheds as shown in Table 5 . It was observed in terms of total variance, loading matrix and eigen value exhibited by the same factor. Factor I of the principal component factor matrix of the aspects was characterized by the strong loadings of drainage density (D), stream frequency (F s ) and ruggedness number (R No.) of 0.914, 0.851 and 0.853, respectively, and accounts for 37.81% of the variance with an eigen value of 4.537.
From the percentage variance of 37.81%, it is well established that D, F s and R No are in a series and directly related to one another. It is interesting to mention that two (D and F s ) of the three coordinated factors belong to aerial aspect and the remaining one (R No) pertains to the relief aspect. These three factors contribute toward the incredible process of sub-surface flow of water leading to the ultimate formation of watershed with high potential of groundwater.
Factor II for the three aspects registered the loadings of form factor R f (0.797), circulatory ratio, R c (0.778) and elongation ratio, R e (0.728) with the variance of 24.23% and eigen value of 2.908. These three factors are pertinent to the aerial aspect of drainage morphometry and are inter-dependent to one another. As these are accumulated in the form of a single component, it can be inferred that the possible sub-surface flow occurs due to the long travel time of water along the watersheds of circular and elongated shape. Hence, these ratios decide the potential occurrence of groundwater in the watersheds of the study area. Factor III of the aspects was with the loadings of Relief Ratio, RR (0.627) with a percentage variance of 10.72% and eigen value of 1.286. This accounts for the watersheds with steep slope facilitating more erosion and leads to the greater discharge of sediments. However, this nature lessens the groundwater potential in the watersheds. In supporting the factor III, it is meticulously illustrated through the box patterns which demonstrate the overland flow of the watersheds.
The loading of area (A) alone was registered under factor IV with a percentage variance and eigen value of 8.56% and 1.027, respectively. Mean annual runoff, as governed by the area of the watershed, is associated with both the sub-surface and surface flow of groundwater of present focus. It is again established that the studied area experiences the occurrence of both flow (surface and sub-surface) types and hence the groundwater potential zones.
Box and whisker plots
The box and whisker plot (Tukey 1977 ) is a quick way of examining one or more sets of data graphically. The box plots may seem more primitive than a histogram or kernel density estimate, but they do have some advantages. They take up less space and are therefore particularly useful for comparing distributions between several groups or sets of data. Box plots have evolved into a familiar and useful standard in data interpretation. The plots summarize the information about the shape, dispersion and center of the water quality parametric data of the water samples. They also identify the outliers (an extreme value falling outside the box by more than 1.5 times the inter quartile range).
The degree of association or the strength of a linear relationship between two variables has been evaluated by calculating the coefficient of correlation (r).
The box and whisker plots for drainage density (D) and average bifurcation ratio (ABR) are shown in Fig. 3 . The plots explicably show the skewed type in which the median line is not equidistant from the hinges. The skewness patterns of drainage density (D) and average bifurcation ratio (ABR) are skewed left. The upper whisker and the outlier (watershed 34) reflect the occurrence of high distortion of geological structure leading to a poor establishment of the drainage. The other watersheds are confined within the lower whisker and the quartiles of the box plot of ABR.
In addition, a valid inference based on the infiltration ability and overland flow of spotted watersheds can be drawn from the box pattern of drainage (D). The watersheds 9 and 19, respectively, depicted as outlier and lower whisker seem to associate a remarkable infiltration capability and hence the infiltration is dominant. Conversely, the outlier representing the watershed (No. 32) corroborates the domination of over land flow as a consequence of steep (slope) terrain which further facilitates the erosion and dissection. The other watersheds are well confined in the box pattern and make us understand the participation of both infiltration and overland flow. The gradation in height of the quartile depicts well about the ability of a watershed to avoid infiltration rather than over land flow. The patterns of the boxes of ABR and D illustrate the groundwater potential especially in watersheds (No. 9 and 19) are quite remarkable based on the recorded values.
The box patterns for form factor (R f ), elongation ratio (R e ) and circulatory ratio (R c ) are skewed left as the median lines are not equidistant with respect to the upper and lower quartiles. As depicted in Fig. 3 , an outlier (watershed 2) shows the maximum value of R f and reflects the nature of discharging the entire amount of water within a short span of time. Also, the watersheds (Nos. 27, 28 and 35) fall in the fourth quartile resemble high peak flow in a short time. Conversely, the remaining watersheds of about 89% seem to possess an appreciable infiltration due to the longer (flatter) travel period of water. On accounting the box pattern of Re, most of the watersheds fall in the second, third and fourth quartiles and suggest the high peak Fig. 3 Box whisker plots for drainage density (D), average bifurcation ratio (R b ), form factor (R f ), circulatory ratio (R c ), elongation ratio (R e ), length of overland flow (L o ) and constant channel maintenance (CCM) flow accompanying the elongated travel of water. However, an appreciable infiltration is best executed for these watersheds with respect to the elongated nature and travelled area. In the box plot of R c , the convergence of most of the watersheds in the first three quartiles is observed which reveal that the nature of infiltration is dominant unlike the watersheds belong to the fourth quartile.
The box patterns of L o and CCM are observed to be symmetric and skewed-left, respectively. Based on the length of upper whiskers of the box patterns, a spread data describing the length of overland flow and constant channel maintenance could be studied. The watersheds represented as outliers and within the limit of third and fourth quartiles behave to acknowledge the nature of infiltration rather than usual terrain flow. Conspicuously, watershed (No. 32) witnesses the nature of dominating surface flow rather than the sub-surface flow of water. It is apparently illustrated from the box patterns of Fig. 3 that the factors L o and CCM are directly related to each other.
Hierarchial cluster analysis by dendrogram plots
In this study, hierarchical cluster analysis was used to group watersheds into separate clusters based on the bifurcation ratio. Although there are a number of hierarchical clustering techniques, all of which are not regularly applied the most widely used measure of ordering is Ward's criterion, which uses an analysis of variance approach that minimizes the sum of squares within the clusters and maximizes the variance between separate clusters (Ward 1963) . The results are represented through a dendrogram (or tree plot) and are separated into different clusters. The sample locations are grouped on the vertical axis, and the linkage distances, representing the relative differences between clusters, are shown on the horizontal axis.
The dendrogram (Fig. 4) together drawn for drainage density and average bifurcation ratio illustrates the separation of possible clusters split from eight nodes based on the vertical axis distance. Out of the formed eight nodes, five (n1-n5) Fig. 4 Dendrogram of the clustered watersheds in the study area have distinct variation in their distances where as three (n6-n8) are evaluated to be with the same distance along the vertical axis. The clusters on the right and left hand sides are found to be equal in size for two nodes with vertical distance of 2. The clustered spots derived from the nodes n6 and n7 are very close to each other and each, respectively, split into four and three (as leaf nodes) as right and left branches. Node 6 has eight clustered watersheds with uniformity in behavior with appreciable sub-surface flow of water than the six clustered watersheds constituting node 7. Nevertheless, the watersheds in nodes 6 and 7 exhibit similarity in their surface and sub-surface flow patterns but with less significant difference as approved by the vertical distance scale (2 units). There were only few conspicuous clustered watersheds are observed in nodes 1 and 8. In node 8, one branched cluster is with a pair of watersheds (15 and 29) and the other is with only one unpaired watershed (No. 36). Although, these two branches seem to be identical with respect to each other, the domination of infiltration is quite apparent in watershed 36 than in watersheds 15 and 29. The most identified, separated and unique clustered spot is explicably shown at the top with greater vertical distance of 25 units is watershed No. 34. As a matter of fact, this watershed is found with high level of drainage dissection and geological distortion which leads to the enrichment of groundwater locale.
Conclusion
The study focuses the importance of quantitative morphometric analysis and its consequences in preparing suitable water resource management plan in the hill environment. From the study, it is evident that the drainages are surface expressions/signatures of sub-surface earth system dynamics. The watersheds have bifurcation ratios 2-5 range which suggests that the drainage networks of the watersheds are well developed. Except watershed 2 and 23 the impact of structural disturbances are relatively less, the structural and the resultant distortion of the drainage pattern is found to be moderate. The denudational rate of watersheds like 3, 4, 6, 11, 12, 15, 18, 20, 22, 23, 24, 27, 32 and 33 is found to have relatively high. Sediment yield per unit area is relatively more in the eastern and southern slopes. The above findings reveal that the watersheds of the southern slope have higher peak discharge rates whereas in the watersheds of northern slope it is found to be lower. In the western and eastern slopes, the peak discharges are found to be moderate. In the watershed dominant process in eastern slopes, sub-surface flow and infiltration is predominant while in the southern slope especially in the southwestern and southeastern parts overland flow is dominant. In the western and most part of the southern slopes, both the processes are equal in importance. The results of the study can be used as an important tool to prioritize the watersheds according to their hydrological characters. Thus, the results obtained can serve as an essential input for a comprehensive water resources management plan in the study area. In support to the observations, the multi-criteria analytical tools such as factor and hierarchial cluster analyses corroborated the variation of surface flow to sub-surface flow based on the derived principal components and grouped clusters, respectively. The illustration of box patterns made a significant impact from the types of quartiles, whiskers and outliers which denote the watersheds of present study area.
